human chorionic gonadotrophin (HCG) . One of the disadvantThe objective of this study was to set up a superovulation ages of this treatment is the long half-life of PMSG, which protocol in adult cyclic rats by using recombinant human interferes with normal embryo formation (Miller and follicle stimulating hormone (rhFSH; Org32489). Good Armstrong, 1981) . As treatment of the infertile human patient results were obtained by treatment with decreasing doses can now be performed with recombinant human follicle stimuof rhFSH (2.5 to 0.5 IU) during the dioestrus period. The lating hormone (rhFSH), we have tried to develop a superovulanumber of corpora lutea (CL) found in rats treated with tion protocol in adult cyclic rats using rhFSH in order to study this protocol was 43.5 ⍨ 3.4; this is more than three times the hormonal and morphological development of follicles. In the number in saline-treated control rats (13.0 ⍨ 0.4).
addition, we have studied the effect of this treatment on early Fertilization of oocytes after superovulation was as good embryonic development.
as after normal ovulation in terms of number of 2-cell
In an earlier study (van Cappellen et al., 1995a) , it was stage embryos found 2 days after mating. The absolute found that injection of 10 IU rhFSH in cyclic rats at 17.00 h number of implantations was twice the number observed on dioestrus-2 resulted in a precocious ovulation during the in saline-treated control rats (23.3 ⍨ 1.8 versus 10.6 ⍨ 0.5);
following night. This model was used in this study to test for therefore the number of implantations per CL was lower in changed sensitivity of developing follicles towards rhFSH. superovulated rats. The serum concentrations of luteinizing hormone (LH), endogenous FSH and oestradiol-17β were decreased during rhFSH treatment, while the inhibin serum Materials and methods concentration was increased. The progesterone serum con-
Animals centration was increased on the days of pro-oestrus and
Female rats of a Wistar (R-Amsterdam) strain with a 5-day oestrous oestrus after treatment. No difference was observed in the cycle and a body weight of 170-210 g were used. They were kept testosterone serum concentration. Pretreatment with 10 IU under conditions of controlled temperature (23 Ϯ 2°C) and light rhFSH at oestrus before giving the decreasing doses of (lights on from 05.00 to 19.00 h) and had free access to standard dry rhFSH during dioestrus reduced the ovulatory response.
pellets and tap water. Adult littermates were randomly divided over Finally, treatment with a constant low dose of rhFSH the treatment groups. Vaginal smears were taken every morning and instead of a decreasing dose of rhFSH did not result in rats were used only after at least two successive 5-day oestrous spontaneous ovulation. However, ovulation induction by cycles. For all experiments, approval was obtained from the Animal Welfare Committee (DEC) of the Erasmus University.
classes and diameters for antral follicles were defined as follows: 2a, Table I ) groups of rats were treated with i.m. injections of rhFSH using the following scheme: dioestrus-1, 10.00 h (2.5 IU), 17.00 h small antral follicles, 100-500ϫ10 5 µm 3 and 260-450 µm; large antral follicles, Ͼ500ϫ10 5 µm 3 and Ͼ450 µm respectively. Atretic
(1 IU); dioestrus-2, 10.00 h (1 IU), 17.00 h (0.5 IU) and dioestrus-3, 10.00 h (0.5 IU), 17.00 h (0.5 IU) or saline and were killed at follicles were designated as 'early atretic' if local or widespread pyknosis and cell shrinkage were present in the granulosa cell wall 10.00 h on dioestrus-1 (controls n ϭ 6), dioestrus-2 (n ϭ 7, controls n ϭ 6), dioestrus-3 (n ϭ 6, controls n ϭ 7), pro-oestrus (n ϭ 6, and as 'late atretic' if the oocyte was degenerating and either surrounded by degenerating cumulus cells or no cumulus cells at all controls n ϭ 6) or oestrus (n ϭ 8, controls n ϭ 5). Rats killed at dioestrus-1, -2 or -3 did not receive the rhFSH injection of that (Osman, 1985) .
morning. Ovaries were fixed and the follicles counted. Blood samples Hormone determinations were taken at the time of ovariectomy and hormone concentrations were measured. Concentrations of endogenous FSH and luteinizing hormone (LH) Additional groups of rats, treated according to this protocol, were were estimated by radioimmunoassay with anti-ovine FSH and LH placed with males of proven fertility on the day of pro-oestrus. These as antisera and rat FSH/LH as tracer, and expressed as mg NIADDKrats were checked for the presence of vaginal plugs the next morning. rat FSH-RP-3/l and mg NIADDK-rat LH-RP-3/l (Sander et al., 1986) .
If a plug was present, rats were allowed to live for 2 (n ϭ 7, controls Within-assay variations were 4% (FSH) and 5% (LH). Cross-reactivity n ϭ 7), or for 7 (n ϭ 7, controls n ϭ 7) more days. Both oviducts of rhFSH in the rat FSH assay amounted to 2.6% on basis of weight; from the rats killed 2 days after mating were flushed with saline and this results in equivalence of 0.1 mg of rat FSH RP3 to 27 IU of IS the flushings were examined for the presence of fertilized ova (2-cell 78/549 (van Cappellen et al., 1995a) .
stage embryos). The ovaries were fixed for histological examination Immunoreactive inhibin was estimated by radioimmunoassay of the number of CL. Rats that were killed 7 days after mating were according to Robertson et al. (1988) , using a bovine follicle fluid examined for the number of implantation sites in both uterine horns. preparation with an arbitrary potency of 1 U/mg protein as a Ovaries were fixed for histological examination of the number of CL. standard (Grootenhuis et al., 1989) . Within-assay variation was
To test the effect of pretreatment with rhFSH on superovulation, a 12%. Oestradiol-17β was estimated by radioimmunoassay using kits second group of rats (experiment 2b) was first treated with 10 IU of provided by Diagnostic Products Corporation (Los Angeles, CA, rhFSH at oestrus, 17.00 h and thereafter with the decreasing dosage USA); intra-and inter-assay variations were Ͻ5 and 8% respectively. scheme as described for experiment 2a. These rats were killed 5 days Progesterone was estimated by radioimmunoassay as described by de after the first injection on the expected day of oestrus at 10.00 h (n ϭ Jong et al. (1974) . Intra-and inter-assay variations were Ͻ16 and 5). Ovaries were dissected and fixed and the numbers of CL 17% respectively. Testosterone was measured by radioimmunoassay were counted. as described by Verjans et al. (1973) . The intra-assay variation was 3%.
To investigate the sensitivity of the developing follicles (treated Serum rhFSH concentrations (U/l) were determined using a two-site with decreasing rhFSH doses) to the ovulation-inducing effect of a FSH time-resolved fluoroimmunoassay (Delfia, Pharmacia, Woerden, large dose of rhFSH, a third group of rats (experiment 2c) was treated The Netherlands) for human serum. Rat serum samples of salinewith decreasing doses of rhFSH using the following scheme: dioestrustreated animals caused only background signals, indicating that rat 1, 10.00 h (2.5 IU), 17.00 h (1 IU); dioestrus-2, 10.00 h (1 IU). FSH is either not recognized or below the detection limit of the assay.
These rats received an injection of 10 IU rhFSH at 17.00 h at When rat serum was spiked with rhFSH, a linear log dose-response dioestrus-2 to induce ovulation and were killed at dioestrus-3, 10.00 curve parallel to that of the human FSH standard (IS 78/549) was h (n ϭ 6). Ovaries were dissected and fixed and the number of CL obtained. The detection limit of the assay applied for rat serum was were counted. 0.2 IU/l. The intra-assay variation was 4.3%.
Dioestrus treatment with a constant rhFSH dose (experiment 3) Early and mid-cycle treatment (experiment 1)
To investigate if decreasing doses of rhFSH are necessary to induce Following the protocol used earlier to induce superovulation in cyclic superovulation, rats were treated from dioestrus-1 until dioestrus-3, rats by means of PMSG (Welschen and Rutte, 1971) , rats were at 10.00 h and 17.00 h with 2.5 IU rhFSH. At the expected day of injected i.m. with 10 IU of rhFSH [Org32489; batch IP 190/0824 pro-oestrus at 17.00 h, rats were injected with saline (experiment 3a, from Organon, Oss, The Netherlands; International units (IU) refer n ϭ 8, Table I ) or with 10 IU HCG (experiment 3b, n ϭ 8). The rats to in-vivo bioactivity in terms of IS 71/223] at oestrus at 17.00 h were killed 17 h later, and the ovaries were dissected and fixed for and/or dioestrus-2 at 17.00 h to induce ovulation. Rats in experiment counting of the number of CL. 1a were injected with 10 IU rhFSH at oestrus, 17.00 h and killed 17 h later at dioestrus-1, 10.00 h (see Table I ). Rats in experiment Statistical procedures 1b were injected at dioestrus-2, 17.00 h with either 10 IU rhFSH or Data are presented as means Ϯ SEM. Student's independent t-test saline and killed 17 h later at dioestrus-3, 10.00 h. Animals in was used to detect statistically significant differences between the experiment 1c were injected at oestrus, 17.00 h with 10 IU rhFSH control and rhFSH-treated groups. When all values in one group were and at dioestrus-2, 17.00 h either with 10 IU rhFSH or 10 IU HCG zero or below the detection limit of the assay, a t-test against zero and killed 17 h later at dioestrus-3, 10.00 h. After routine histology, was performed. When results from more than two groups were the number of follicles and the number of fresh CL were counted at compared, the data were analysed by the Tukey multiple comparison the day of ovariectomy for all these groups. test. A difference was considered statistically significant if the double tail probability (P) was ഛ0.05 Dioestrus treatment with decreasing rhFSH doses (experiment 2) Because the first treatment did not result in superovulation, a second treatment protocol was set up. The aim of this protocol was to Results rescue follicles from atresia by giving repeated injections of rhFSH.
Early and mid-cycle treatment (experiment 1)
Treatment was started at dioestrus-1 with a low dose of 2.5 IU rhFSH None of the rats in experiment 1a (n ϭ 4) ovulated on to prevent precocious ovulation, and this dose was decreased even further thereafter for the same reason. In a first experiment (experiment dioestrus-1 after an injection of 10 IU rhFSH at oestrus, 17.00 h (data not shown). All rhFSH-treated rats in experiment to saline-treated controls (Table III) . Pretreatment with 10 IU 1b ovulated precociously in response to the rhFSH injection rhFSH at oestrus (experiment 2b) resulted in significantly at dioestrus-2, 17.00 h (Table II) . In addition, there was a lower (P ഛ 0.05) numbers of ovulations when compared to significantly increased number of small antral healthy follicles rats that were not pretreated (experiment 2b compared to in the rhFSH-treated rats when compared to saline-treated experiment 2a). However, the number of ovulations was higher controls. After pretreatment with 10 IU rhFSH at oestrus, no than in saline-treated control rats (Table III , controls compared ovulations were observed after a second rhFSH injection at to experiment 2b). Injection of 10 IU rhFSH at dioestrus-2, 17.00 h on dioestrus-2. Also, an injection of 10 IU HCG at 17.00 h in the group of rats treated with decreasing doses of 17.00 h on dioestrus-2 did not result in ovulation in the rhFSHrhFSH resulted in absence or very low number of ovulations pretreated rats (Table II) . Both groups had a significantly larger at dioestrus-3, 10.00 h (experiment 2c, Table III ). (P ഛ 0.05) number of small antral follicles compared to salineNumbers of follicles treated control rats (Table II) .
Because of the effectiveness of the induction of ovulation with decreasing doses of rhFSH, numbers of follicles and hormone Dioestrus treatment with decreasing rhFSH doses (expericoncentrations in experiment 2a were studied in more detail ment 2) by killing groups of rats on various days after the start of treatment.
Numbers of ovulations
Treatment with a decreasing dose of rhFSH showed a Rats treated with decreasing doses of rhFSH (experiment 2a) significant increase in the number of small antral follicles on ovulated spontaneously at the expected day of oestrus with a significantly increased number of ovulations when compared dioestrus-3 and pro-oestrus compared to saline treatment the ratio of fertilized ova to number of CL was not different. treated rats was lower compared to that in saline-treated control
No. of intact, 1-cell ova 2 days after mating 1.4 Ϯ 0.3 3.6 Ϯ 0.5** rats (P Ͻ 0.01, Table IV ), but the absolute number of
No. of 1-cell ova/CL (%) 13 Ϯ 2 9 Ϯ1 No. of fragmented oocytes 2 days after mating 0.7 Ϯ 0.4 3.0 Ϯ 0.8* implantation sites was significantly higher (P Ͻ 0.01, Table IV ).
No. of fragmented oocytes/CL (%) 6 Ϯ 3 7 Ϯ2
Hormone concentrations
No. of implantations 7 days after mating 10.6 Ϯ 0.5 23.3 Ϯ 1.8** No. of implantations/CL (%) 91 Ϯ 5 48 Ϯ6**
The serum concentration of endogenous FSH was decreased (P ഛ 0.05) in rhFSH-treated rats (experiment 2a) from *P ഛ 0.05; **P ഛ 0.01, t-test. CL ϭ corpora lutea.
dioestrus-2 until pro-oestrus (Figure 2a ) when compared to that in saline-treated control rats. The rhFSH serum concentration found at dioestrus-2 was significantly higher (P Ͻ 0.01) than that found on subsequent days of rhFSH treatment. At oestrus the rhFSH concentration found in rhFSH-treated rats was not significantly different from the detection limit of the assay (Figure 2c ). The LH concentration was significantly decreased from dioestrus-2 until pro-oestrus in rhFSH-treated rats when compared to saline-treated control rats (Figure 2b) . At oestrus the concentrations were no longer significantly different. Progesterone concentrations were not different between rhFSH-treated and saline-treated control rats until pro-oestrus, when progesterone was increased in the rhFSHtreated rats (Figure 2d ). The serum oestradiol concentration (P ഛ 0.01) from dioestrus-2 until pro-oestrus in rhFSH-treated Small antral follicles had a volume between 100 and 500ϫ10 5 µm 3 rats (Figure 2f ). At oestrus the inhibin concentrations were no (diameter 265-450 µm). Large antral follicles had a volume longer significantly different. No differences were found in Ͼ500ϫ10 5 µm 3 . *P ഛ 0.05, **P ഛ 0.01, Student's t-test between the testosterone concentration between rhFSH-treated and rhFSH-treated and saline-treated control rats on the same day. D1-saline-treated control rats (Figure 2g ).
D3 ϭ Dioestrus 1-3; PO ϭ pro-oestrus; OE ϭ oestrus. (Figure 1a ). The number of large antral follicles was significment 3) antly increased from dioestrus-2 to pro-oestrus and on oestrus (Figure 1b) . The number of small early atretic follicles was When rats were treated with 2.5 IU rhFSH at 10.00 h and significantly lower on dioestrus-3 and pro-oestrus and oestrus 17.00 h from dioestrus-1 until dioestrus-3 (six injections in (Figure 1c) . The number of large early atretic follicles was total), no precocious ovulations were detected. Only two out significantly higher on pro-oestrus and oestrus (Figure 1d ). of eight rats had ovulated 2 days after the last injection on the expected day of oestrus. The numbers of ova found were 46 Oocyte quality and 47 respectively. When ovulation was induced by 10 IU The absolute number of fertilized ova (2-cell stage) was almost HCG given at 17.00 h 1 day after the last rhFSH injection 4-fold higher (P ഛ 0.01) in rhFSH-treated rats (Table IV) when compared to that in saline-treated control rats. However, (the expected day of pro-oestrus) in a group of rats with the Figure 2 . Hormone concentrations in serum after treatment with decreasing doses of recombinant human follicle stimulating hormone (rhFSH: D1, 10.00 h, 2.5 and 17.00 h, 1 IU; D2, 10.00 h, 1 and 17.00 h, 0.5 IU; D3, 10.00 h, 0.5 and 17.00 h, 0.5 IU rhFSH; closed circles) and saline-treated control rats (open circles). *P ഛ 0.05, **P ഛ 0.01, Student's t-test between rhFSH-treated and saline-treated control rats on the same day. D1-D3 ϭ Dioestrus 1-3; PO ϭ pro-oestrus; OE ϭ oestrus.
Dioestrus treatment with a constant rhFSH dose (experi-
same treatment, six out of eight rats ovulated. The mean and Fowler, 1960) . The problem in rats can be overcome by synchronizing the animals and suppressing the endogenous number (ϮSEM) of ova found was 37.5 Ϯ 6.3. gonadotrophin secretion by treatment with an luteinizing hormone-releasing hormone antagonist (Hamilton and Armstrong, Discussion 1991), which, however, interferes with the ovarian-pituitary Many studies on superovulation have been performed in rats.
feedback loop that plays a major role in the regulation of Most of these studies used a PMSG/HCG combination in follicle development. This would make it also impossible to prepubertal rats, where high numbers of ovulations were found. study the direct effects of increased amounts of FSH on follicle However, fertilization of the superovulated oocytes yielded development, ovulation and the ovarian-pituitary feedback rather poor results (Miller and Armstrong, 1981) , probably loop, which was the aim of this study. because of adverse hormonal conditions in these rats due to
In an earlier study it was found that one single injection of 10 the long-lasting high circulating concentrations of PMSG, IU rhFSH, administered at 17.00 h on the day of dioestrus-2, resulting in high oestradiol concentrations. In contrast, it is induced ovulation in 5-day cyclic rats during the night following rather difficult to obtain superovulation in adult cyclic rats due treatment (van Cappellen et al., 1995a) , as seen in experiment to different reactions to hormonal treatment on various days 1b. No superovulation was obtained. To mimic superovulation of the ovarian cycle. In this respect, the rat differs from the protocols using PMSG (Welschen and Rutte, 1971 ), rats were mouse in which (super)ovulation can be induced on random treated with 10 IU rhFSH at oestrus to stimulate follicle growth and again at dioestrus-2, 17.00 h to induce ovulation (experiment days of the ovarian cycle (Fowler and Edwards, 1957; Edwards 1c) . However, none of these rats ovulated. Also, 10 IU of HCG a loss of sensitivity of follicles towards rhFSH, a group of given at dioestrus-2, 17.00 h failed to induce ovulation. Apparrats was injected twice daily with 2.5 IU rhFSH during the ently, the large antral follicles that grew under these hormonal dioestrus period. None of these rats ovulated precociously. conditions did not develop a normal ovulatory response system. Moreover, only two out of eight rats ovulated spontaneously Because superovulation failed in this system no detailed horat the expected time. This lack of spontaneous ovulations monal and follicular measurements were made.
could be due to an insufficient LH peak, because a single dose When 5-day cyclic rats were treated with decreasing doses of HCG increased the ovulatory response to six out of eight of rhFSH during the period of dioestrus, spontaneous ovulation rats. Because these latter protocols did not improve the number of an increased number of follicles occurred in all rats.
of ovulations, no detailed hormonal and follicular profiles were Decreasing doses of rhFSH were chosen because of the measured. The reason for the reduced ovulatory response could ovulation-inducing effect of rhFSH, an effect that was already be a reduced number of LH receptors due to the lower found in some rats after a single injection of 1.25 IU rhFSH peripheral LH concentration (Richards, 1980) . The reduced at dioestrus-2 (van Cappellen et al., 1995a) . This ovulationsensitivity towards FSH could be explained on the basis of a inducing effect of FSH was also found using a purified decreased number of FSH receptors due to decreased oestradiol FSH preparation (NIHFSH-S6; Harrington and Elton, 1969) .
concentrations inside the follicles (Tonetta et al., 1985) . In Treatment with decreasing doses of rhFSH resulted in an rats treated with decreasing doses of FSH an increased number increase in the number of healthy antral follicles and a decrease of large antral follicles was seen in combination with an equal in the number of early atretic follicles. However, an increase or decreased oestradiol concentration, depending on the day of follicle recruitment is the most important factor responsible of the cycle when compared to controls. This means that for the increased number of healthy follicles in this superovulathe oestradiol secretion per large antral follicle is severely tion cycle, because the reduction in number of atretic follicles decreased. Under the experimental conditions of most protocols is much lower than the increase in the number of recruited used in this study, treatment could result in reduction of both follicles (Figure 1 ). This is in agreement with the earlier the numbers of LH and FSH receptors, which could lead to findings of Peppler and Greenwald (1970) . On pro-oestrus and decreased responses to both LH and FSH. This was shown by oestrus the number of early atretic large follicles increased to the decreased ovulatory response after an injection of 10 IU values higher than seen in saline-treated control rats. The rhFSH on dioestrus-2 in rats treated with decreasing doses of increase in number of large antral follicles, the follicles that rhFSH (Table III, experiment 2c ). However, the oestradiolcontain oestradiol and inhibin (van Cappellen et al., 1995b) , 17β serum concentration was apparently high enough to was not reflected in an increased peripheral oestradiol conceninduce a spontaneous LH peak at pro-oestrus which induced tration. This is probably due to the decreased LH concentrations superovulation in the group of rats treated with decreasing and is in agreement with the two cell/two gonadotrophin doses of rhFSH (Table III , experiment 2a). It may be important hypothesis, which postulates that lowering the LH concentrathat the amount of rhFSH used was the lowest in the latter tion lowers the androgen production by the theca cells which protocol. will decrease the production of oestrogens by the granulosa The quality of the oocytes found after superovulation was cells, even when the FSH concentration is high. The high normal in terms of fertilization. However, problems occurred inhibin concentrations may also have had an effect on the during implantation. This may be due to oocyte quality, but aromatase activity, as inhibin can reduce the FSH-stimulated also to spacing problems in the uterus with this larger-thanaromatase activity in rat granulosa cell primary cultures (Ying normal number of embryos. Spacing problems have also been et al., 1986) . The low LH concentration cannot be explained described in rabbits (Adams, 1960) and in rats after unilateral on the basis of increased amounts of progesterone or testosterovariectomy (Hirshfield, 1991) . one, but may be due to another factor secreted by the ovary It is concluded that the type of regimen of (rh)FSH stimulaunder the influence of FSH, i.e. gonadotrophin surge inhibiting tion is very important to achieve appropriate stimulatory effects factor (Littman and Hodgen, 1984; de Koning et al., 1989) . on ovulatory potential. rhFSH, like rat FSH, induces follicle Serum inhibin concentrations were strongly increased after recruitment and decreases follicular atresia. The oocytes found rhFSH treatment; this may explain the reduced concentrations after superovulation could be fertilized as well as oocytes of rat FSH found in serum.
retrieved from saline-treated control rats. Pretreatment with rhFSH at oestrus reduced the ovulationinducing effect of rhFSH at dioestrus-2 (experiment 1c). This effect was found again after pretreatment at oestrus with 10 References IU rhFSH, followed by injection of decreasing doses of rhFSH
